Abstract
Introduction

20
In recent years, dark matter direct detection experiments have obtained 21 seemingly contradictory results, both supporting the existence of WIMP dark 22 matter [1] [2] [3] and setting ever more stringent limits on its interaction cross section 23 to determine the ability of a DMTPC detector to reject electronic recoils and to enhance the ability of the detector to reject these events through pulse shape 71 analysis.
72
For DMTPC detectors, a number of backgrounds from CCD readout artifacts 73 and interactions in the CCD bulk must also be eliminated in order to perform 74 a low-background WIMP search. Section 4.2 describes these backgrounds and 75 rejection strategies using the charge signals. It also discusses the use of a veto 76 region to identify and reject alpha decays from the outside the sensitive region.
77
In certain circumstances, α particles can be misinterpreted by the CCD as 78 nuclear recoils. 
Detector Design
80
The data in this paper were taken with a detector in a surface lab in 81 Cambridge, Massachusetts using a 75 Torr CF 4 gas target. The separation is 440 µm.
89
The scintillation light from electron amplification goes through a viewport particles from the source is attenuated by a thin film, and the mean energy was 100 measured to be 4.44 MeV using an Ortec ULTRA ion-implanted-silicon detector 101 [22] . Calculations from SRIM [23] show that over 99% of the total energy loss of 102 α particles at these energies contributes to ionization at this energy. Measured 103 recoil energies in this paper are reported in α-equivalent energy units, denoted 104 keV α . Because the energy loss is dominated by ionization, the α-equivalent 105 energy will be similar to the more standard electron-equivalent energy (in units 106 of keV ee ), which is difficult to determine in a detector that is largely insensitive 107 to electrons. 
Charge Readout Systems
109
The anode plane has a diameter of 26.7 cm and is separated into two regions.
110
The outermost 1 cm, called the veto region, is used to identify ionization events A schematic of the detector: the drift field is created by a cathode mesh, fieldshaping rings attached to a resistor chain and a ground mesh. The drift cage has a height of 10 cm and a diameter of 27 cm. Primary ionization from a recoiling nucleus is drifted down to the ground mesh. The high-field amplification region is formed by the ground mesh and the anode plane. The grounded mesh is read out with a fast amplifier and the veto and anode are read out with charge-sensitive preamplifiers. The central anode region has a diameter of 24.7 cm. Scintillation light from the amplification region is recorded with the CCD camera.
occurring near the field cage rings. 10 mV. This is sufficient to obtain a high expected efficiency for E >30 keV α .
156
During event readout the CCD is exposed for 1 s, while the digitizers collect 
CCD Tracks
164
Recoil candidates are selected using the energy, range and several geometric 165 moments computed from the CCD image. In order to maximize the recoil 166 analysis efficiency, less stringent cuts were used than those described in [17] .
The CCD selection cuts are described in detail in Section 4.2. In Monte Carlo studies, the CCD track finding and cuts achieve over 70% efficiency for ionization 169 yields greater than 40 keV α and over 90% for ionization yields greater than 170 50 keV α .
171
Anode and Veto Signals
172
The anode and veto signals are first smoothed using a Gaussian convolution 173 with σ = 80 ns. The typical rise time of a pulse in these channels is 1 µs, so 174 the smoothing reduces the noise while having little effect on the pulse shape.
175
The pre-trigger region is then used to determine the baseline voltage and noise
176
RMS. The pulse shape is characterized by its peak voltage and time and the 177 times on both the rising and falling edge where the pulse reaches 10%, 25%,
178
50%, 75% and 90% of the baseline-subtracted peak height. 
Mesh Signals
180
For the mesh channel, a Gaussian convolution with σ = 6 ns is used to reduce 181 the noise. After smoothing, the 25% to 75% rise time of the initial sharp edge
182
of the electron signal in the data used in this paper is always greater than 15 ns.
183
The broadening due to the smoothing here is no more than approximately 10%.
184
Other features are less sensitive to the smoothing algorithm.
185
As with the anode and veto channels, the baseline voltage and noise RMS are 186 calculated from the pre-trigger samples. The initial electron peak of a nuclear 187 recoil candidate is identified as the first peak in a pulse with a height greater 188 than 50% of the total peak height. The ion peak is defined as the largest peak in second peak is present. Fig. 3 shows an annotated example of a mesh pulse 198 from an α particle. 
Nuclear Recoil Selection Criteria
200
Selection criteria for nuclear recoils were determined by placing a 241 Am α 201 source above the cathode mesh and outside the active volume of the detector.
202
Most of the α energy is lost before crossing through the cathode into the active 203 volume, so that α tracks of tens to a few hundred keV in energy are measured. (Table 1) . 
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Figure 3: Annotated mesh pulse of a 115 keVα α particle. A Gaussian convolution has been used to reduce the noise prior to pulse shape characterization. The pulse start and end points are the nearest baseline crossings to the peak. Rise times are calculated from the electron peak and fall times are calculated from the ion peak. For anode and veto pulses, only a single peak is identified.
Variable Description
25% to 90% rise time of the veto channel T M R 25% to 75% rise time of the mesh channel V e /V A Ratio of the mesh electron peak and the anode peak V i /V A Ratio of the mesh ion peak and the anode channel peak detector.
223
Nuclear recoil candidates are then identified using the shape of the mesh (Fig. 4) . The compact 227 tracks from nuclear recoils lead to generally larger but narrower peaks compared 228 to electronic recoils of the same energy (Fig. 5) . In this analysis, nuclear recoil 229 candidates have V e /V A > 4.5 and V i /V A > 5.5.
230
Once a set of candidate nuclear recoil light signals (using the cuts described in and charge-light energy matching for tracks identified in the CCD analysis was 248 measured using the α data to be greater than 90% for 40 keV α < E < 200 keV α . , where T 0 = 17.19 ± 0.06 ns is the contribution to the rise time from diffusion and m = 2.04 ± 0.03 ns/mm is the slope of the line at high R 2D . The error bars here represent the 1σ spread from the mean value. A large spread is expected due to both straggling effects and the initial energy and angle distribution of the source.
The α data was also used to evaluate the capability of using the rise time is expected for a given R 2D . However, the mean value can still be used to 255 determine a calibration between the rise time and R 2D . Fig. 7 shows the result 256 using the 25% to 75% rise time of the mesh signal. The proportionality constant 257 between this rise time variable and R 2D is measured to be 2.04±0.03 ns/mm. 
Electronic recoils 260
To determine the ability of a DMTPC detector to reject electronic recoils, Table 2 : Number of charge triggers with 40 keVα < E anode < 200 keVα that pass the specified cuts. The background subtraction includes the uncertainty of the background measurement. Monte Carlo studies and the α source measurements, the detection efficiency 311 for nuclear recoils using a combined CCD and charge analysis is determined 312 to be over 63% for energies greater than 40 keV α and over 80% for energies 313 greater than 50 keV α . A plot of the two-dimensional range as measured by the
314
CCD against the recoil energy as measured by the anode channel shows (Fig. 9) 315 that the passing events appear near the predicted three-dimensional range for 316 nuclear recoils from SRIM. The two-dimensional range is shorter than the full 317 three-dimensional range, so nuclear recoils are expected in a broad band with 318 shorter ranges than the SRIM prediction. Furthermore, the peak pixel values 319 for the tracks are well above the threshold used in track finding, indicating that 320 the events are likely to be nuclear recoil or α backgrounds rather than signal 321 pileup from electrons. If these events were excluded as likely nuclear recoils, the 322 result would be statistics-limited at 5.6 × 10 −6 . events. CCD backgrounds do not originate from ionization in the gas volume 332 and so should have no associated charge signal. and charge signals provides additional rejection power of these types of events. favorable signal-to-noise ratio of the charge channels compared to the CCD.
357
In addition to these CCD artifacts another CCD-related background is "out-
358
of-time" events, which are recoils and α decays occurring during event readout.
359
When the CCD is being read out, charge is shifted from one pixel to another as time, so a coincident charge signal will not appear for these shifted events.
368
To evaluate the ability of the charge readout in removing these CCD back-369 ground events in the energy range 25 keV α < E CCD < 400 keV α , a separate 370 analysis was performed on the data from the background run described in Sec. with the lower event rate in a source-free run.
407
It is also expected that the CCD and charge analyses are most sensitive The ability to reject electronic recoils with high efficiency and without signifi- 
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